Our understanding of how the course of opportunistic bacterial infection is influenced by the microenvironment is limited. We demonstrate that the pathogenicity of Pseudomonas aeruginosa strains derived from acute clinical infections is higher than that of strains derived from chronic infections, where tissues are hypoxic. Exposure to hypoxia attenuated the pathogenicity of strains from acute (but not chronic) infections, implicating a role for hypoxia in regulating bacterial virulence. Mass spectrometric analysis of the secretome of P. aeruginosa derived from an acute infection revealed hypoxia-induced repression of multiple virulence factors independent of altered bacterial growth. Pseudomonas aeruginosa lacking the Pseudomonas prolyl-hydroxylase domain-containing protein, which has been implicated in bacterial oxygen sensing, displays reduced virulence factor expression. Furthermore, pharmacological hydroxylase inhibition reduces virulence factor expression and pathogenicity in a murine model of pneumonia. We hypothesize that hypoxia reduces P. aeruginosa virulence at least in part through the regulation of bacterial hydroxylases.
Antibiotic resistance presents a global threat to human health, and new approaches to anti-infective therapy are essential for the future of effective clinical medicine. It has recently become clear that microenvironmental factors such as tissue oxygen availability at the site of infection play an important regulatory role in both host immunity and bacterial pathogenicity [1] . Understanding how tissue oxygen levels control the course of infection will provide important insight into the development of new anti-infective therapies. In this study, we investigated the impact of oxygen availability on the virulence of the opportunistic pathogen Pseudomonas aeruginosa.
Pseudomonas aeruginosa is preferentially an aerobic pathogen, although it can also live as an anaerobe by using nitrate as a terminal electron acceptor through microaerobic respiration or fermentation [2, 3] . Pseudomonas aeruginosa is a frequent cause of acute opportunistic infections such as pneumonia, bacteremia, and urinary tract infections, especially in immunocompromised patients, and is the primary pathogen responsible for chronic pulmonary infections in cystic fibrosis (CF) [4, 5] . Reduced virulence of P. aeruginosa isolates derived from patients with CF compared to non-CF isolates has been previously reported, although the reasons for this remain unclear [6] .
The tissue microenvironment at the site of infection (the "infection niche") can differ significantly between acute and chronic infections. For example, during chronic infections such as those which occur frequently in the CF lung, P. aeruginosa grows in a hypoxic biofilm, which has been reported to have partial pressure of oxygen (PO 2 ) values as low as 2.5 mm Hg [7] . In contrast, in the urinary tract PO 2 values are significantly higher (89 ± 22 mm Hg) [8] . In the current study, we hypothesized that the microenvironmental oxygen tension at the site of infection affects bacterial virulence and consequently disease progression.
We have previously shown that hypoxia increases the transcription of genes encoding components of drug efflux pumps, thus contributing to antimicrobial resistance in P. aeruginosa (a significant problem associated with infection in CF patients) [9] . Previous studies have also demonstrated lower rates of P. aeruginosa internalization into pulmonary epithelial cells under hypoxic conditions [10] . This is in contrast to Shigella flexneri, for which internalization is enhanced under anaerobic conditions [11] . The sensing mechanisms linking hypoxia to altered gene expression in P. aeruginosa and other species remain poorly defined [12, 13] . Here, we have focused on the impact of hypoxia on virulence mechanisms. Virulence factors produced by P. aeruginosa include toxins such as exotoxin A (which inactivates protein biosynthesis of the host), proteases such as alkaline protease (which interferes with complement activation of the host organism and consequently helps the pathogen to avoid host immunity), pyoverdine (which promotes the chelation of iron), and pyocyanin (a redox active phenazine that induces oxidative stress) [14] [15] [16] [17] . Therefore, P. aeruginosa is a formidable opportunistic pathogen expressing multiple virulence mechanisms.
Opportunistic pathogens do not always display the same likelihood of causing infectious disease, making the clinical outcome of an infection unpredictable. Indeed, infection with genetically identical strains of a pathogen can have different clinical outcomes depending on the site of infection and the nature of the host microenvironment [18] . Furthermore, chronic infection allows time for genetic adaptation of a colonizing pathogen [19] . Therefore, the microenvironment at the site of infection likely plays a vital role in determining the outcome of an infection with an opportunistic pathogen. We demonstrate that exposure to environmental hypoxia reduces the virulence of P. aeruginosa through promoting decreased expression of a range of virulence factors. Developing our understanding of how this occurs will provide us with new targets for anti-infective therapy.
MATERIALS AND METHODS

Ethics Statement
Animals were treated in accordance with institutional policies and the guidelines stipulated by The Committee of Animal Ethics of the Pays de la Loire under the authority of the French Ministry of Higher Education and Research, which approved all animal experimentation in this study (agreement number CEEA.2012.233).
Bacterial Strains and Hypoxic Culture Conditions
Pseudomonas aeruginosa strains used for this study are listed in Table 1 . Pseudomonas aeruginosa was grown in Luria broth, Miller's modification (LB) or on Pseudomonas isolation agar (Fluka). For hypoxic culture, media or agar plates were preincubated at 1% oxygen prior to inoculation and incubation at hypoxia. For liquid culture, LB broth was inoculated with overnight culture to an optical density measured at 600 nm (OD 600 ) of 0.1 and grown statically for 48 hours. OD 600 was determined before obtaining cellfree supernatant by centrifuging the bacterial suspension for 20 minutes at 4°C at 4000 rmp and sterile filter supernatant through a 0.22-µm filter. Agar plates were inoculated with a 0.5 McFarland P. aeruginosa suspension and grown for 24 hours.
Determination of Virulence Using the In Vivo Galleria Mellonella Model
Per condition, 10 sixth-instar larvae of Galleria mellonella (Livefoods Direct, United Kingdom) were used to assess the virulence of cell-free supernatant. Twenty microliters of cell-free supernatant was injected into the hemocoel of the larvae thorough the last proleg. The larvae were incubated in petri dishes on filter paper at 37°C in the dark and survival was assessed at 16, 20, 24 and 48 hours. As control, 10 larvae were injected with sterile broth.
Pyocyanin Extraction
Normoxic and hypoxic P. aeruginosa cultures were shaken vigorously before harvesting by centrifugation at 4000 rpm for 20 minutes. Five milliliters of supernatant was extracted with 3 mL chloroform and subsequently back-extracted with 1 mL 0.2M hydrochloric acid (HCl). The absorbance of the aqueous phase of the second extraction was measured at 520 nm in duplicate. All steps of the extraction were performed in the respective environment.
Mass Spectrometry
Cell-free supernatant was ultracentrifuged at 100 000g at 4°C for 70 minutes (Optima L-100 XP, Beckman Coulter) and concentrated with Amicon ultra filters, 50K (Millipore). Concentrate was denatured by adding sodium dodecyl sulfate (SDS) to a concentration of 1%, 100 mM dithiothreitol and heated to 95°C for 5 minutes. Removal of SDS, alkylation, and reduction were performed using the filter aided sample preparation protocol [20] . Peptides were desalted and analyzed on a Q-Exactive mass spectrometer as previously described [21] . Proteins were identified and quantified by MaxLFQ [22] by searching with the MaxQuant version 1.5 against the Pseudomonas aeruginosa reference proteome database (Uniprot). Modifications included C carbamlylation (fixed) and M oxidation (variable). Bioinformatic analysis was performed with the Perseus software suite. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [23] partner repository with the dataset identifier PXD004421.
Zymography
Twenty-five microliters of cell-free supernatant was mixed with 25 µL nonreducing sample buffer (125 mM Tris HCl, pH 6.8, 20% glycerol, 4% SDS, 0.01% bromophenol blue) and electrophoresed under nonreducing conditions on a 10% SDS polyacrylamide gel with 0.1% casein. SDS was removed by washing the gel 3 times for 20 minutes in 2.5% Triton X, followed by one 10-minute wash with deionized water. The gel was incubated in substrate buffer (50 mM Tris HCl, pH 7.6, 100 mM sodium chloride [NaCl]) at 37°C for 24 hours and subsequently stained with Simply Blue safe stain (Invitrogen) for 1 hour. The gel was destained with deionized water and scanned, and band intensity was quantified by Image J.
Fluorescent Spectroscopy
Relative levels of pyoverdine were quantified by fluorescence at 405 nm excitation and 465 nm emission. Cell-free supernatant was measured in duplicate in a black 96-well plate (Greiner bio one) using the Spectramax M3 plate reader (Molecular Devices). Purified pyoverdin (50 µM) was used as positive control.
Western Blot
Equal amounts of protein were separated by SDSpolyacrylamide gel electrophoresis and transferred to nitrocellulose membrane, and exotoxin A was detected by Western blot.
Mouse Pneumonia Model
Six-week-old pathogen-free RjOrl:SWISS mice (CD-1 mice, weight 20-24 g) were purchased from Janvier Laboratories (Le Genest Saint Isle, France) and maintained on a 12-hour light/ dark cycle with access to food and water ad libitum. Pseudomonas aeruginosa strain PAO1 was grown overnight in brain-heart infusion medium at 37°C under agitation. Immediately before use, the bacterial pellet (centrifuged at 1000g for 10 minutes) was washed twice using 0.9% NaCl. After the second wash, the pellet was resuspended in sterile saline buffer and the inoculum was calibrated by nephelometry (2 × 10 8 colony-forming units [CFU]/mL). Mice were assigned to 2 groups: pneumonia alone (control group), dimethyloxalylglycine (DMOG) treatment (8 mg/mouse, intraperitoneally 48 hours before pneumonia [10] ). In brief, mice were anesthetized with sevoflurane (Abbott, Chicago, Illinois) and placed in dorsal recumbency. Transtracheal insertion of a 24-gauge feeding needle was used to inject 75 µL of a bacterial suspension adjusted to 2 × 10 8 CFU/mL (1.5 × 10 7 CFU/mouse). Mice were euthanized at 24 and 48 hours postinfection.
Bacteriological Assessment of Lung
Lungs were removed, weighed, and homogenized in 1 mL of saline buffer (Mixer Mill MM 400, Restch, Newtown, Pennsylvania) and used for quantitative cultures on Mueller-Hinton agar for 24 hours at 37°C. Serial dilutions were performed, and viable counts after 24 hours of incubation were expressed as the mean ± standard deviation log 10 CFU/g of organ.
Histology and Alveolar Space Quantification
At 24 and 48 hours of infection, groups of 3 mice were euthanized and both lungs were removed and immediately placed in 10% formalin. Formalin-fixed tissues were processed, stained with hematoxylin and eosin, and then digitally scanned with the Hamamatsu Nanozoomer (Hamamatsu photonics, Massy, France). Four fields per slide (×100 magnification) were selected for alveolar space quantification using single integrative object extraction (SIOX) plug-in in the Fiji software program (www. fiji.sc). Results are given as percentage of alveolar space.
Statistical Analysis
Data are presented as mean ± standard error of the mean for at least 3 independent experiments. Statistical analysis was carried out using unpaired Student t test or one-way analysis of variance with Tukey posttest (GraphPad Prism 6 software). Survival curves were compared by log-rank (Mantel-Cox) test (GraphPad Prism 6). Statistical significance was denoted as P < .05. Densitometry analysis was performed with Image J Software.
RESULTS
Pseudomonas aeruginosa Virulence Is Attenuated in Hypoxia
The expression of pyocyanin, a virulence factor produced by P. aeruginosa, is reduced under conditions of hypoxia as observed as a decrease in pigmentation and confirmed by chloroform extraction assay ( Figure 1A and 1B). To determine the impact of hypoxia on virulence, we used a G. mellonella model in which the larvae were injected with 20 µL of supernatant from P. aeruginosa grown under normoxic or hypoxic conditions. We found that lethality induced by supernatant from hypoxic bacteria was significantly lower than that of normoxic bacteria ( Figure 1C ). To determine whether hypoxia affects bacterial virulence in clinical P. aeruginosa strains, we isolated P. aeruginosa from patients from sites of acute (normoxic) or chronic (hypoxic) infection and compared virulence (Table 1 ). An infection was classified as chronic when >50% of specimens collected in the previous year were positive for P. aeruginosa. Cell-free supernatants from isolates derived from acute infections, where oxygen levels are relatively normal, were strikingly more lethal to G. mellonella than those derived from chronic infections, where the tissue is hypoxic (Figure 2A ). We next investigated whether exposure of bacteria from acute infections to hypoxia could recapitulate the reduced virulence observed in bacteria from chronic infections. Exposure of bacteria from acute infections to hypoxia resulted in a reduction in virulence ( Figure 2B and Supplementary Figure 1A) whereas hypoxia was without effect on the virulence of bacteria derived from chronic infections ( Figure 2C and Supplementary Figure 1B) . In summary, hypoxia attenuates the virulence of P. aeruginosa in clinical isolates from acute infections but does not change the already lower virulence of isolates from chronic infections. Because bacterial supernatants were used in these experiments, this led us to the hypothesis that tissue oxygen levels may impact disease development through the regulation of secreted virulence factors by P. aeruginosa.
Hypoxia Decreases P. aeruginosa Virulence Factor Expression
To investigate the nature of the secreted factor(s) responsible for the difference between the virulence of bacteria grown in normoxic and hypoxic conditions, we performed mass spectrometric analysis on the cell-free supernatant of a selected isolate derived from an acute bloodstream infection (B244J) and grown in normoxia or hypoxia. This was independent of an effect of hypoxia on bacterial cell growth (Supplementary Figure 2) . As a negative control we used cell-free supernatant from normoxic and hypoxic cultures of S9014, which was isolated from the lungs of a patient with CF and did not cause death in G. mellonella (Supplementary Figure 1) . Of note, only the supernatant Figure 2 . Hypoxia decreases virulence of Pseudomonas aeruginosa derived from acute infections. A, Galleria mellonella was injected with cell-free supernatant of P. aeruginosa from acute (4 isolates) and chronic (4 isolates) clinical infections. P. aeruginosa strains were grown statically for 48 hours to stationary phase under normoxic conditions before harvesting supernatant. Combined data for 4 isolates in each condition are shown. Survival of G. mellonella injected with cell-free supernatant obtained from normoxic and hypoxic cultures of 4 acute (B) and 4 chronic (C) isolates. Cell-free supernatants were normalized for OD 600 within normoxic and hypoxic samples of each isolate, respectively. Survival of G. mellonella was observed over a 48-hour time period. ****P < .0001, log-rank (Mantel-Cox) test. Abbreviations: H, hypoxic; N, normoxic; ns, not significant.
Figure 1. Hypoxia decreases virulence of Pseudomonas aeruginosa. A, P. aeruginosa strain ATCC 27853 was grown for 24 hours in normoxic (N) or hypoxic (H) conditions on
Pseudomonas isolation agar. Representative plates of 3 independent experiments are shown. B, For pyocyanin quantification, P. aeruginosa ATCC 27853 was grown statically for 48 hours to stationary phase under normoxic or hypoxic (1% oxygen) conditions in Luria broth, Miller's modification. Data are normalized to optical density measured at 600 nm (OD 600 ) at 48 hours and represent mean ± standard error of the mean of 3 independent experiments. **P < .01, unpaired 2-tailed t test. C, Galleria mellonella was injected with 20 µL cell-free supernatant of P. aeruginosa ATCC 27853. P. aeruginosa was grown statically for 48 hours under normoxic and hypoxic conditions before harvesting supernatant. Cell-free supernatants were normalized for OD 600 within normoxic and hypoxic samples beforehand. Survival of G. mellonella was observed over a 48-hour time period. *P < .05, log-rank (Mantel-Cox) test.
fraction >50 kDa was virulent in the G. mellonella model (Supplementary Figure 3) . While the vast majority of secreted proteins identified in this fraction were unchanged in hypoxia, a number of virulence factors including alkaline protease and proteins involved in iron metabolism were selectively downregulated ( Figure 3A and Supplementary Table 1) . Therefore, hypoxia results in decreased expression of multiple virulence factors in a clinical isolate of P. aeruginosa derived from a site of acute infection.
Using alkaline protease as an example to validate the results obtained by mass spectrometry, we performed casein zymography for levels of active alkaline protease in cell-free supernatant of P. aeruginosa grown in normoxia and hypoxia. Three P. aeruginosa isolates (B244J, U60088, and S4169) expressed a 50-kDa protease, which is consistent with alkaline protease [24, 25] . A significant decrease in protease activity under hypoxic conditions was found in supernatants from the isolates from acute infections but not from the chronic infection ( Figure 3B ). These data support the identification of reduced alkaline protease expression in clinical strains of P. aeruginosa derived from acute infections and exposed to hypoxia.
Hypoxia Suppresses Siderophore and Exotoxin A Production in
P. aeruginosa
Mass spectrometric analysis revealed a downregulation of proteins involved in iron metabolism including factors important in the synthesis of the siderophores pyoverdine and pyochelin in P. aeruginosa exposed to hypoxia. Therefore, we next investigated the influence of hypoxia on siderophore levels produced by P. aeruginosa using fluorescence spectroscopy. We found a reduction in pyoverdine levels in cell-free supernatant of the acute blood culture isolate from hypoxic cultures compared with normoxic cultures ( Figure 4A ). Figure 4B shows combined pyoverdine levels in normoxia and hypoxia for the 4 acute and 4 chronic isolates taken together (pyoverdine levels of individual isolates are shown in Supplementary Figure 4) .
While the decrease in pyoverdine in hypoxia was significantly different for the acute isolates, there was no significant difference between normoxia and hypoxia for the chronic isolates. Taken together, the data presented thus far support the hypothesis that hypoxia reduces virulence in P. aeruginosa through decreasing the expression of multiple virulence factors.
Pyoverdine is a potent iron chelating factor. The addition of iron during the 48-hour growth period suppressed pyoverdine synthesis to levels comparable to the levels found in the hypoxic culture ( Figure 4C ). Assessing the virulence of supernatants derived from normoxic or hypoxic bacteria in the presence or absence of iron, we found reduced in vivo pathogenicity of normoxic supernatant with iron supplementation ( Figure 5A ). Pyoverdine, as well as being Figure 4 . Hypoxia-dependent reduction in Pseudomonas aeruginosa pyoverdine expression is iron-dependent. A, Measurement of pyoverdine by fluorescent spectroscopy of normoxic and hypoxic supernatant of the acute isolate B244J. B, Average pyoverdine levels of cell-free supernatant of 4 acute and 4 chronic isolates grown in normoxia and hypoxia. C, Pyoverdine levels of cell-free supernatant of B244J with (+) or without (-) 1mM FeCl 3. ***P < .001, **P < .01, unpaired 2-tailed t test for (A) and one-way analysis of variance with Tukey posttest for (B and C). Data represent mean ± standard error of the mean of 4 independent experiments and are normalized to bacterial growth (optical density measured at 600 nm) at 48 hours before harvesting. Positive control is purified pyoverdine, 50 µM. Abbreviations: H, hypoxic; N, normoxic; ns, not significant; pos, positive; RLU, relative light units. . Cell-free supernatants were normalized for optical density measured at 600 nm beforehand. * P < .05, log-rank (Mantel-Cox) test. B, Exotoxin protein levels from cell-free supernatant (B244J) with (+) or without (-) iron supplementation (1 mM FeCl 3 ) and quantification of protein from 3 experiments by Image J. One representative Western blot of 3 independent experiments is shown. **P > .01, ***P > .0001, one-way analysis of variance with Tukey posttest. Abbreviations: H, hypoxic; N, normoxic; pos, positive. a siderophore, is also known to induce the expression of the secreted virulence factor exotoxin A [26] . We observed significantly decreased exotoxin A expression in cell-free supernatant from hypoxic cultures of the acute bloodstream isolate B244J as well as in iron-supplemented normoxic and hypoxic cultures of B244J by Western blot ( Figure 5B ). Taken together, our data support a model in which hypoxia attenuates pyoverdine synthesis in P. aeruginosa and, as a result of this, exotoxin A levels are reduced, which in turn results in reduced virulence.
PPHD Is a Candidate Oxygen Sensor Regulating Virulence in Hypoxia
A key question that remains is the identity of the oxygen sensor in P. aeruginosa, which is responsible for sensing the changes in microenvironmental oxygen levels and eliciting changes in virulence factor expression. Recently a homolog to the eukaryotic 2-oxoglutarate (2OG)-dependent prolyl hydroxylases (key oxygen sensors in eukaryotic cells), termed PPHD (Pseudomonas prolyl-hydroxylase domaincontaining protein), was proposed as an oxygen sensor in P. aeruginosa [12] . We compared pyoverdine levels Figure 6 . Hydroxylase inhibition impacts the virulence factor pyoverdine and decreases lung damage during Pseudomonas aeruginosa pneumonia. A, Pyoverdine levels of indicated isolates and conditions, normalized to bacterial growth at the time of harvesting after 48 hours. The strain PAO310 lacks the prolyl hydroxylase PPHD; normoxia (21% oxygen), hypoxia (1% oxygen) vehicle is dimethyl sulfoxide; JnJ1935 (200 µM) is a prolyl hydroxylase inhibitor; positive control is 50 µM pyoverdine. Data represent mean ± standard error of the mean of 4 independent experiments. **P < .01, ***P < .001, one-way analysis of variance with Tukey posttest. B, Lung histology of mice infected 48 hours with the PAO1 strain (n = 3). C, Alveolar space quantification (single integrative object extraction analysis) of infected lungs at 24 and 48 hours (n = 8). D, Pulmonary bacteria loads in mice infected 24 hours with the PAO1 strain (n = 8). Data are representative of 2 independent experiments. *P < .05, Mann-Whitney test. Abbreviations: CFU, colony-forming units; DMOG, dimethyloxalylglycine; OD 600 , optical density measured at 600 nm; PBS, phosphate-buffered saline; pos, positive; RLU, relative light units.
as a measure of virulence in supernatants of a P. aeruginosa PPHD mutant (PAO310) with that of the wild-type strain (PAO1) in normoxia and hypoxia; additionally, we measured pyoverdine in supernatants of the clinical isolate B244J in the presence or absence of a pharmacologic prolyl hydroxylase inhibitor (1-(5-chloro-6-(trifluoromethoxy)-1H-benzoimidazol-2-yl)-1H-pyrazole-4-carboxylic acid (JnJ1935), 200 µM [27] ). While pyoverdine levels were lower in hypoxia for the wild-type strain, pyoverdine was nearly absent in the supernatants of the PPHD mutant with no difference between normoxia and hypoxia. Inhibiting prolyl hydroxylases also resulted in reduced pyoverdine ( Figure 6A ). This suggests a role for bacterial hydroxylases such as PPHD in regulating bacterial virulence under conditions of low oxygen. As gene expression levels of PPHD of acute and chronic isolates were the same (data not shown), we conclude that it is PPHD activity rather than expression that differs between acute and chronic isolates. Furthermore, sequencing analysis revealed no major differences in the PPHD gene sequence between acute and chronic isolates (data not shown).
Hydroxylase Inhibition Reduces P. aeruginosa Pathogenicity In Vivo
We next tested the effects of hydroxylase inhibition in an acute pneumonia model in mice. DMOG-treated mice demonstrated less pronounced lung edema following infection compared to phosphate-buffered saline (PBS)-treated mice ( Figure 6B ), despite similar bacterial loads in the lungs ( Figure 6D ; P = .13). Histological analysis revealed a shrinking of the alveolar space surfaces from 24 to 48 hours of infection in the PBS-treated group compared to the DMOG group in which a stabilization of the alveolar space surface is observed from 24 to 48 hours ( Figure 6C ; P = .04). These data support a role for bacterial hydroxylases in virulence and implicate a potential therapeutic utility of prolyl hydroxylase inhibitors in opportunistic bacterial infections.
DISCUSSION
Developing our understanding of the mechanisms underpinning the control of bacterial virulence will be key to the development of new anti-infective approaches to combat opportunistic pathogens such as P. aeruginosa. Bacterial virulence is, to a large extent, dependent upon the production of virulence factors that promote infection. However, virulence factor production can vary significantly in a strain-and environment-dependent manner [6] . The importance of the microenvironment in the regulation of bacterial virulence has previously been implicated in recent publications where it has been shown that P. aeruginosa has reduced virulence (leading to increased persistence) in chronic infections associated with CF in comparison with non-CF infections [6, 28, 29] . However, the mechanisms underpinning these differences in virulence have yet to be determined and are the topic of this study. Of note, chronic infections are often associated with the formation of hypoxic biofilms, leading to the exposure of bacteria to significantly reduced oxygen levels compared to sites of acute infection [7] .
In our study, we found that exposure to hypoxia dramatically reduced the virulence of clinical P. aeruginosa isolates derived from acute infections, suggesting that low oxygen might be a determinant inducing the reduction of virulence. In contrast, strains derived from chronic infections have already experienced profound hypoxia in vivo, rendering these strains less virulent and essentially "preconditioned. " Consistent with this idea, exposure of strains from acute infections decreased virulence whereas the already reduced virulence of strains from chronic infections was not reduced further.
To obtain mechanistic insight into how hypoxia reduces virulence, we performed mass spectrometric analysis of supernatant derived from bacteria exposed to normoxia or hypoxia. We observed that hypoxia elicited decreased expression of multiple virulence factors including alkaline protease and exotoxin A and factors important for the synthesis of pyoverdine. Interestingly, blocking pyoverdine synthesis by iron supplementation mimicked hypoxia and reduced exotoxin A production and virulence in vivo to levels equivalent to those found in supernatant from hypoxic cultures. Based on these data, we hypothesize that hypoxia reduces siderophore levels, resulting in lower exotoxin A protein, which leads subsequently to less virulent P. aeruginosa under conditions of hypoxia. A similar impact on P. aeruginosa by an as yet unidentified secreted protein of Candida albicans in a C. albicans/P. aeruginosa co-culture model was shown before. Pseudomonas aeruginosa siderophore gene expression and exotoxin A protein were downregulated when co-cultured with C. albicans and hence P. aeruginosa virulence was inhibited [30] .
Decreased expression of virulence factors by P. aeruginosa in chronic infections likely reduces pathogenicity. However, this may promote a more prolonged infection of the host. This may be exacerbated by the immunosuppressive effects of tissue hypoxia that have been previously reported [31] . Indeed, the combination of reduced pathogen virulence and suppressed host immunity may combine to promote the chronicity of infection observed in patients where P. aeruginosa infection occurs in a hypoxic microenvironment.
In summary, we demonstrate that the pathogenicity of P. aeruginosa isolates from sites of an acute infection is reduced under hypoxic conditions due to decreased expression of multiple virulence factors including alkaline protease, siderophores, and exotoxin A, all of which were downregulated in hypoxia. Oxygen sensing by the prolyl hydroxylase PPHD might be, at least partly, responsible for reduced bacterial pathogenicity in hypoxia. Prolyl hydroxylase inhibitors showed in this study a therapeutic potential for antibacterial treatment. Developing our understanding of the microenvironmental factors responsible for the control of bacterial virulence is essential to reveal new targets for the anti-infective agents of the future.
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